Sossna, E.; Degen, A.; Rangelow, I. W.; Drzik, M.; Hudek, P.; Tiwald, T. E.; and Woollam, John A., "Mechanical, geometrical, and electrical characterization of silicon membranes for open stencil masks" (2001 Silicon membranes are used for stencil masks which are key to charged particle projection lithography, particularly for ion projection lithography, electron beam projection. Quantitative and qualitative determination of the mechanical properties of the true thickness, thickness variations ͑morphology͒, electrical conductivity and stress is critical to the development of next generation lithography. The metrology setup includes high accuracy thickness, refractive index and electrical conductivity measurement based on infrared variable angle spectroscopic ellipsometry, thickness variation characterization based on the Fizeau interferometric scheme and mechanical stress evaluation based on a novel double bulging technique.
I. INTRODUCTION
For determination of the true thickness with sufficient accuracy and precision ͑5 nm͒, we demonstrate a technique based on infrared variable angle spectroscopic ellipsometry ͑IR-VASE®͒. 1 The spectral range employed, from 2 to 33 m, and varying angles of incidence ͑60°, 65°, and 70°͒, allow the IR-VASE method to be very sensitive to the thickness of layers as well as to the concentration and profile of Si membrane doping. The refractive index of the Si membrane was evaluated using a Drude model for the free-carrier effects 2 and is based on consideration of a superimposed Sellmeier model. 3 Due to the high value of the refraction index of silicon in the visible region, a favorable fringe ͑Fizeau interferometric scheme͒ value is obtained. Using a digital image processing evaluation of the intensity variations by interpolating the interference fringe data, a high resolving power in the nanometer range can be obtained. By combining such a relative thickness data evaluation with ellipsometric ͑IR-VASE͒ point-wise absolute thickness measurements, very sensitive precise mapping of the membrane thickness variation can be made. The stress was measured with the double bulging technique ͑deflecting the membrane in both directions͒, 4 which is based on the well known bulging method. It allowed us to increase the measurement accuracy ͑Ͻ0.1 MPa͒ of the method and to investigate low stress membranes ͑Ͻ2 MPa͒.
II. SILICON MEMBRANE FABRICATION USING THE PN-JUNCTION ELECTROCHEMICAL ETCH STOP TECHNIQUE
Thin ͑Ͻ10 m͒ membranes are mostly fabricated with a wet chemical process in which silicon is etched by aeqeous alkali solutions tetramethyl ammonium hydroxide ͑TMAH͒.
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The etch mechanisms 6 are based on the oxidation of silicon in water, and the neutral silicon hydroxide diffuses from the solid surface, building silicon hydroxide complexes in the ambient with excessive pH values.
Siϩ4 OH
The excess electrons in the conducting band of the silicon crystal reduce water molecules on the surface, producing hydrogen gas and hydroxide ions which react with the hydrogen ions afterwards to form water ͑as a cycle͒.
H 2 Oϩ4e
The different etch rates of silicon in alkali solution depend on the crystal orientation if everything else ͑e.g., temperature or concentration͒ is constant. The electrochemical etch stop ͑ECES͒ technique seems to be a process that is easily executed for the fabrication of membranes with moderate residual stress. ECES is based on anodic passivation of silicon in an aqueous alkali solution. A positive potential of 0.5-0.8 V over the open circuit potential can passivate both p-and n-type silicon from etching. A sufficient anodic potential causes accumulation of holes (h ϩ ) at the silicon surface, which increases the oxidation states of silicon atoms at the silicon-electrolyte interface. 5 The Si 2ϩ combines with OH Ϫ to form hydroxide. Subsequently Si͑OH͒ 2 forms silicon dioxide by releasing hydrogen.
Siϩ2 h
Therefore, the surface is covered with thin but dense SiO 2 which, reduces the etch rate of silicon by about two orders of magnitude. Also, the etching stops when the front side mema͒ Electronic mail: sossna@schottky.physik.uni-kassel.de brane approaches the space-charge region, because more OH Ϫ will be accelerated toward the surface of the membrane and buildup silicon dioxide. By using a reverse biased pn junction structure ͑Fig. 1͒, the thin n-type Si region can be anodically passivated from the etch process, but the p-Si substrate ͑due to a potential drop at the pn junction͒ is insufficiently protected and is etched with TMAH. The thickness of the membrane and how much it varies depends here on the dopant ͑type and concentration͒ and on the applied bias voltage, 1 which influences the space-charge region, since it works through the pn wafer flow process. It follows that the thickness of the membrane as well as the stress depends only on the doping concentration N a for the p side and N d for the n side. However the membrane thickness can vary due to the barrier potential B . With the depth of the n-type dopant ͑phosphorus or arsenic͒, d n , known and from Eq. ͑1͒ we get the relationship for the effective membrane thickness:
Consequently, we can compensate with doping concentrations N a for the p side and N d for the n side not only for the stress, but also for the thickness of the membrane, while changing it due to the bias voltage U. In this way wellcontrolled repeatable thin silicon membranes were produced.
III. THICKNESS MEASUREMENT USING IR-VASE
The samples were measured using a commercially available infrared variable angle spectroscopic ellipsometer ͑Fig. 2͒. 7 The instrument consists of a Fourier transform-based infrared spectrometer combined with a rotating-compensator variable angle ellipsometer. The compensator not only ensures the accuracy of the ellipsometric angle ⌬ over its full 360°range, but it can also measure the amount of depolarization caused by the sample. For this study, data were acquired over the 2-30 m ͑330-5000 cm Ϫ1 ͒ spectral range. The beam diameter is 8 mm at the sample, with a 3°angular spread. Data were taken with a resolution of 32 cm Ϫ1 at incidence angles of 60°, 65°, and 70°. This yielded ellipsometric data with reasonable sensitivity and signal-to-noise ratios. Values for ⌿ and ⌬ at each wavelength comprise the ellipsometric spectrum, and are sensitive to the various layers and to the microstructure of the sample. 8, 9 In general, ellipsometric spectra cannot be inverted; therefore, information must be extracted by optimizing an appropriate optical model to fit the data. The nonlinear Levenberg-Marquardt numerical regression procedure was used ͑described by Herzinger et al., in Ref. 3͒ it adjusted the various parameters until the mean ͑weighted͒ squared error between the calculated and measured ellipsometric values was minimized. One output of the fitting program is the standard 90% confidence limit, which is calculated during the regression procedure. The objective accuracy of the 90% confidence limit depends on ͑among other things͒ the minimum of systematic error in both the data and in the optical model. 9 The optical properties of each silicon layer are defined by the classical Drude equation 10 combined with a Sellmeier model:
where ⑀ j is the complex dielectric dispersion of the jth layer. The offset and A and E a terms comprise a Sellmeier model for the residual dielectric response from the interband transitions. The E term is the energy of the incident photons, and is the mean scattering time of the free carriers. The quantity dcj is the dc resistivity of the jth layer. It is inversely proportional to the electronic charge e, the carrier concentration N j , and the carrier mobility ͑ϭe/m* where m* is the carrier's effective mass͒. For this study, we assume that is independent of the photon energy. The resistivity profile of a sample can be directly determined from Eq. ͑2͒. The free carrier profile N j can also be determined if one accounts for the dependence of resistivity on both N j and the mobility , since 1/ϭeN j . This can be difficult because ϭe/m*, and both m* and are strong functions of doping in heavily doped silicon ͓Fig. 3͑b͔͒. Here, our primarily interest is the total film thickness; therefore, we only need to apply the resistivity model described by Eq. ͑3͒. Like in a previous study, 1 IR-VASE measurements were made on both the front ͑etched side͒ and back of the membrane, because the highly doped region strongly absorbs infrared light. Simultaneous analysis of both data sets produces the graded optical dielectric response model shown in Fig. 3͑a͒ for a phosphorus doped pn membrane. Note that Fig. 3͑a͒ only shows the dielectric response to a single wavelength ͑500 cm Ϫ1 ͒. For any given wavelength, the shape of this profile is defined by the dielectric response function of Eq. ͑2͒. Models of the two samples are shown in Table I using thicknesses determined from the data fit. The 90% confidence interval ͑see the discussion above͒ for the combined thickness of the doped and undoped portions of the silicon membrane was Ϯ0.04 m or better. As measured by infrared spectroscopic ellipsometry, the total sample thicknesses for the phosphorus doped and the arsenic doped layer were 5.88Ϯ0.04 and 4.53Ϯ0.02 m, respectively ͑Table I͒.
IV. THICKNESS VARIATION
In order to measure thickness variations of thin transparent silicon membranes, the method of shadow/phase visualization is employed. In the case of pn membranes the light passing through the membrane is scattered by microscopic surface roughness, creating a coherent light speckled pattern. As a result, the contrast in the interference pattern is nearly zero, and the interference technique cannot be used to observe the surface topology. In the experiments membranes with thicknesses varying from 4 to 6 m were tested, with one specular and one diffuse surface. The root mean square of this opposite side roughness was R q Х0.03 m. Thus, we have been forced to examine principles of optical filtration and also phase and shadow visualization procedures. Besides the high measuring sensitivity, a characteristic feature of shadow or phase visualization techniques is the simplicity of their scheme realization. The common optical scheme of the experiments is drawn in Fig. 4͑a͒ . In the setup, a laser diode 650 nm/10 mW serves as a point-like source, and the beam of plan-parallel rays is collimated by a well corrected lens. Passing through the transparent membrane the rays deviate in accordance with thickness changes. Classic optical filtration can be achieved by putting a binary filter a circular diaphragm, into the focal plane of the filtering lens so that the higher spatial frequencies are stopped. Thus, the speckled structure in the image is depressed. In the experiments, doublet lenses with focal length f ϭ265 mm were used as were filter diaphragms 0.1-0.5 mm in diameter. In addition to filtering of the speckled structure, waviness irregularities of the membrane profile can also be visualized by appropriately choosing the diameter of a circular hole. Another frequently used shadow method is the widely used testing method of optics aberrations, the Foucault knife. This method is based on a sharp edge filter placed into the light beam after it has passed through the phase object.
11 By shading part of the light in the focal plane, the image of the object becomes overlapped by a shadow pattern. The method is very sensitive and, in a good aperture, where aberration free lenses are used, surface deviations of the order of /100 can be identified. The good sensitivity of the measurement is demonstrated also in Fig. 4͑b͒ , where deviations of the membrane planarity of tens of nanometers are visible. The optical scheme was arranged the same way as in previous tests of samples with diffuse-like surfaces. There were no filters used in the Fourier transform plane, but the objective lens of a charge coupled device ͑CCD͒ camera was able to be shifted out of the plane of the sharp image. By defocusing the imaging system, the phase changes of the transparent object are easily observable. This phenomenon arises from the fact that FIG. 3 . ͑a͒ Depth profiles of dielectric constants e1 and e2 at 500 cm Ϫ1 for the phosphorus doped pn membrane. The profiles were determined from a model of IR-VASE data. ͑b͒ Resulting free carrier concentration dependent on the membrane depth from the front ͑doped͒ side. the inverse Fourier transform did not take place completely at the position shifted by the value of b from the position of the image plane. The intensity distribution at the plane of visualization can be described as 12 I͑x,y ͒ϭ1ϩ
where is the wavelength of light and (x,y) is the object phase function. From this equation it follows that the second derivatives of the membrane thickness variation can be visualized and, hence, the radii of curvature of the object surfaces can also be observed. On account of that, by mapping the intensity distribution throughout the membrane area, the thickness variations can be even quantitatively evaluated with a CCD camera ͓Fig. 4͑c͔͒. Estimation of the resolving power leads to values of 20-40 nm in membrane thickness variation, which can be reliably determined.
V. STRESS DETERMINATION WITH THE DOUBLE BULGING METHOD
The bulging method is widely used for determination of the mechanical characteristics of silicon membranes. With this method the silicon membrane with radius r, thickness t, and initial stress 0 is clamped directly at the wafer ring close to the membrane, and pressure p is applied to one side, shown in Fig. 5͑a͒ . The membrane forms a segment of a sphere with radius R; thus the deflection of the membrane center from its initial position is h. The pressure-deflection curve obtained using this method represents functions of mechanical properties, initial stress, and membrane geometry. [13] [14] [15] The governing equation is given as
where k is a correction factor, kϭ1Ϫ0.24vϪ0.00027 (1 Ϫv) . By fitting the measured membrane deflection values h for the applied load pressure p to bulging Eq. ͑5͒, it is possible to determine the average residual stress 0 of the membrane and the value of biaxial modulus Y. A setup for the diffraction imaging method, which was used for displacement detection, is shown schematically in Fig. 5͑b͒ . It consists of a light source ͑a He-Ne laser͒, a telescope, a diffraction grid, a membrane holder ͑chuck͒ and a projection system that includes a beamsplitter, a mirror and a viewing screen. The divergent laser beam is collimated in the telescope to focus sharply on the viewing screen. From the laser the beam is diffracted by the diffraction grid and forms a spatial diffraction pattern, which is projected onto the membrane by the beamsplitter. The reflected image is projected onto the viewing screen by a mirror. If the membrane bulges then the distance between the diffraction, patterns will increase from the initial d, zero level or the flat membrane, to the D, bulging membrane. The membrane displacement h can be then expressed as
where lϭl1ϩl2, LϭL1ϩL2, r is the radius of the membrane and ␤ is the diffraction angle. The advantage of this method is that the zero level dϭ2(Lϩl)tan ␤ depends only on the geometry of the setup, the diffraction grid constant and the wavelength of the laser but not on the membrane itself, the so-called ''geometrical'' zero-level method. In the double bulging technique the membrane is deflected in both directions, 16 applying over-or underpressure in a specially designed double chamber ͓Fig. 6͑a͔͒. Figure 6͑b͒ shows the positions of the membrane in the chuck and the path of the incident and reflected laser beams for overpressure, zero position ͑where overpressure is compensated for by gravitational force͒ and underpressure states. The data collected in the experiment will be fitted by means of an improved least square fit. 4 The use of this method allowed us to get better resolution from the fitting and less scattering of the measured values, the latter due to outer local air pressure variations. Applied in the region of higher pressure, where the elastic term contributes greatly to Eq. ͑5͒, the double bulging method makes it possible to determine the fitting of the zero level from the antisymmetry of the pressure-deflection curve ͑Fig. 7͒. The comparison of fitted, geometrical and measured with reference plane plate zero levels, provided in previous experiments, 4 has shown the perfect coincidence of all these values and it opens the possibility to use such a comparison for fine tuning diffraction image optics. The stress measured in the 4.53 m thick pn membrane was 1.2 MPa and was determined within an accuracy of 0.1 MPa.
VI. SUMMARY
Quantitative and qualitative determination of the mechanical properties of the true thickness, thickness variation ͑morphology͒, and electrical conductivity was demonstrated. An interferometric method of precise thickness variation measurement of silicon membranes was presented. With regard to point-wise thickness measurements, which were carried out by the ellipsometric method, the procedure offers a very sensitive tool with which to map thickness variations. Moreover, using the principles of shadow, as well as phase contrast visualization, the possibility of mapping the thickness variations was also proven on membrane samples with surfaces that diffusely scatter light. By evaluating the intensity distribution throughout the area of the membrane image using defocusing, an attempt was made to determine the absolute values of membrane thickness variations. Moreover, the application of the double bulge technique for nonabsolute displacement detection techniques, such as interferometry, offers a method for zero-level determination and it can eliminate systematical errors connected with those techniques in the subsequent calculations of elastic constants.
